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Why diamond?

Optics:
Moderate refractive index (n ~ 2.4)

Huge transparency window

Bharadwaj et al. J. Phys.: Photonics 1, 022001 (2019)
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Optics:
Moderate refractive index (n ~ 2.4)

Huge transparency window

Low multiphoton absorption

CVD grown
Can be ultrapure (< 1ppb)

Available commercially
e.g. Element Six (UK)

Wang et al. ACS Appl. Mater. Interfaces 10, 18935 (2018)
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Optics:
Moderate refractive index (n ~ 2.4)

Huge transparency window

Low multiphoton absorption

Mechanics:
Ultrahigh stiffness

High Debye temp

Low mechanical dissipation

High thermal conductivity

Tao, Degen et al. Nature Comms. 5, 3638 (2014)

Jayakumar, Barclay et al. Phys. Rev. Appl. (2021)
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Why diamond?

Optics:
Moderate refractive index (n ~ 2.4)

Huge transparency window

Low multiphoton absorption

Mechanics:
Ultrahigh stiffness

High Debye temp

Low mechanical dissipation

High thermal conductivity

Quantum:
Optically active defects/spins

Alan Stonebraker / APS

Single electron spin control (~ ms @ 300K)

Single nuclear spin control (~ s @ 300K)

Indistinguishable photons (@ 4K)

Wrachtrup, Lukin, Awschalom



Quantum technologies with diamond

Over 100 colour centres in diamond crystals 



Quantum technologies with diamond

Over 100 colour centres in diamond crystals 

Studied since the 1970s



Quantum technologies with diamond

Breakthroughs: single photons



Quantum technologies with diamond

Breakthroughs: single spins at room-T



Quantum technologies with diamond

Breakthroughs: single spins at room-T



Aside: quantum sensing with spins



Aside: quantum sensing with spins



Quantum technologies with diamond

Breakthroughs: quantum spin-photon entanglement



Quantum technologies with diamond

Breakthroughs: violating Bell’s inequalities and quantum networking

TU Delft / Hanson group

First demonstration of loophole free violation of Bell’s inequalities: Nature 526, 682 (2015)



Quantum technologies with diamond

Breakthroughs: violating Bell’s inequalities and quantum networking

Realization of a multi-node quantum network of remote solid-state qubits
Science 372, 259 (2021)

TU Delft / Hanson group



The role of nanophotonics in quantum networks

Wiring qubits together

Joannopoulos textbook circa 1995



The role of nanophotonics in quantum networks

Wiring qubits together – e.g. Lukin, Englund, Fu, Faraon, Waks etc.

Wan, Englund et al. Nature 583, 226 (2020)



The role of nanophotonics in diamond quantum photonics

Wiring qubits – e.g. Lukin, Englund, Fu, Faraon, Waks etc.

Increasing emission rates – Purcell effect

Bhaskar et al. Nature 580, 60 (2020)



The role of nanophotonics in diamond quantum photonics

Wiring qubits – e.g. Lukin, Englund, Fu, Faraon, Waks etc.

Increasing emission rates – Purcell effect

Converting information between mediums
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Quantum transducers
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Diamond nanofabrication

Wafer scale thin films available for 
conventional photonic materials: Si, SiN, 
GaAs, etc.



Fabricating diamond devices

Wafer scale thin films available for 
conventional photonic materials: Si, SiN, 
GaAs, etc.



Fabricating diamond devices

How to create suspended single crystal 
diamond devices without thin films?

Wafer scale thin films available for 
conventional photonic materials: Si, SiN, 
GaAs, etc.



Single crystal diamond devices: brief history

Quantum nanophotonics:
Enhanced zpl photon generation 

Faraon, Barclay et al., Nat. Photonics 2011

Riedrich-Möller, Becher et al., Nat. Nano. 2012

Efficient photon collection

Babinec, Loncar et al., Nat. Photonics 2010

Nonlinear optics

Hausmann, Loncar et al., Nat. Photonics 2014

Elements of quantum networks

Li, Schroeder, Englund et al., Nat. Comm. 2015 

Nanomechanics
Scanning spin magnetometers 

Maletinsky, Loncar, Lukin et al., Nat. Nano. 2012

Ultrahigh Q cantilevers 

Tao, Degen, et al. Nat. Comm. 2014

Optomechanics: today’s results



Fabricating diamond devices

Grote, R & Bassett, L; APL Photonics 2016 
Aug 1; 1(7): 1302

Schmidgall, Fu et al. Nano Lett. 18, 1175 (2018)



Evolution of diamond fabrication

Polycrystalline diamond devices: Pernice, Hu, others (2007 – onward)

Hybrid devices: Barclay/Fu/Santori (2008 – onward)



Evolution of diamond fabrication

Thin diamond films: Faraon, Loncar, Jayich, Degen (2010 – )

Ion milling: Prawer (2005), Loncar (2011), Becher (2012 )

RIE angle etching: Loncar (2013) 



Two new 3D etching techniques

Harvard (Loncar) - 2014

Faraday cage etching



Calgary (Barclay) – 2015Harvard (Burek/Loncar) - 2014

Faraday cage etching Plasma undercutting

Two new 3D etching techniques



Quasi-isotropic undercut etching 

Inspired by silicon SCREAM process: Shaw, Zhang, MacDonald, Micro Electro Mechanical Systems (1993)

Khanaliloo, Jayakumar, Hryciw, Lake, Kaviani, Barclay, Phys. Rev. X (2015) Adopted by: Englund (MIT), Vuckovic (Stanford), others …



Quasi-isotropic undercut etching 

Key insight:





Diamond undercutting

Inspiration: “SCREAM” fabrication method



Diamond microdisk cavities

B. Khanaliloo, M. Mitchell, A.C. Hryciw, P.E. Barclay, Nano Letters 15, 5131 (2015)



Diamond microdisk cavities: optics

5 mm

Optical mode spectroscopy: waveguide transmission vs. wavelength

Q > 300,000 

Optical loss rate < mechanical 
frequency



Probing surface roughness



Quantum photonic interfaces: recent advances



Quantum photonics: recent advances

Quantum memory enhanced communication



Quantum photonics: recent advances

New qubits:

Janitz et al., Optica 7, 1232 (2020)



Diamond spins + optomechanics



The emergence of quantum phononics

Question: can phonons be used to process information? 

Ion trap quantum computers



The emergence of quantum phononics

Question: can phonons be used to process information? 

Qubit entanglement

Bienfait, Cleland et al. Science 364, 368 (2019)



The emergence of quantum phononics

Question: can phonons be used to process information? 

Entanglement of “massive” mechanical resonators

Riedinger et al.  and Ockeloen–Korppi et al. Nature 556 (2018)

From News and Views by Andrew Armour



The emergence of quantum phononics

Question: can phonons be used to process information? 

Microwave to optical photon entanglement – networking superconducting QC

Jiang, Mayor, Safavi-Naeni et al. arxiv:2210.10739

Also see: Lehnert/Regal, Painter



Phonons and solid-state qubits

Quantum interconnects



Harnessing phonons: translating quantum information

Spin 
memory

Telecom 
photon

Vibration

Microwave
photon

Super-
conducting 

qubit



Hybrid quantum interface: optomechanical spin control

Controlling diamond quantum memories with telecom photons

Spin 
memory

Telecom 
photon

Vibration



Cavity optomechanics

Photons transfer momentum to mirror, and vice versa

Strength of interaction is enhanced in nanoscale devices



Cavity optomechanics

Zoology of cavity optomechanical systems

Image from Florian Marquardt – MPQ / Universität Erlangen/Nürnberg



Diamond: ultimate optomechanical material?

Unmatched mechanical properties: low mechanical dissipation

Large transparency window: low optical dissipation

No two photon absorption: large field intensity

Potential for large optomechanical cooperativity

CVD grown
Can be ultrapure (< 1ppb)

Available commercially
e.g. Element Six (UK)



Diamond microdisk cavities: optics

5 mm

Optical mode spectroscopy: waveguide transmission vs. wavelength

Q > 300,000 

Optical loss rate < mechanical 
frequencyMitchell et al. Optica (2016)

and APL Photonics (2021)



Diamond optomechanics

Behjat et al. 



Optomechanical pulse storage

Transfer signal 
from optical to 

mechanical 
domain

Store in 
mechanical 
oscillation

Readout 
optically

Photon-phonon conversion > optical and mechanical dissipation

Lake, Mitchell, Sukachev, Barclay, Nature 
Communications (2021)

Also see: work from Hailin Wang (Oregon), Sussman (NRC Ottawa)



Coherent phonon-photon interactions

Creating photon-phonon-photon interactions

5 mm



Optomechanically induced transparency



Double OMIT

No coupling:



Double OMIT

In phase input fields:

Enhanced OMIT Enhanced OMIT

Larger OMIT 
window!

Larger OMIT 
window!



Double OMIT

Out of phase input fields:

Supressed OMIT Supressed OMIT

No OMIT window!No OMIT window!



Double OMIT

Response of blue and red probes is sensitive to their relative phase

Dj If Dj = p: excite mechanical “dark mode”

Dj: phase difference between red/blue paths

1520 nm 1560 nm

Lake et al., Nature Communications 2020



Diamond optomechanics: summary

Can coherently control GHz mechanical resonances
using optical fields



Spin-optomechanics



Lattice strain in NV centres

SPIN CANADA 2019 Paul Barclay



Mechanical driving of NV spin: early work

SPIN CANADA 2019 Paul Barclay

MacQuarrie, Bhave, Fuchs et al., “Mechanical spin control of 
nitrogen-vacancy centers in diamond,” Physical Review Letters 111, 

227602 (2013)

Nuclear spin 
sublevel

Also: Jayich (UCSB), Malentinsky (Basel) and Wang (Oregon)



Optical fibre

Microwave antenna

Microdisks

Optical microscope image Photoluminescence scan

X (um)

Y
 (u

m
)

Photon count
x10^5

Optomechanical spin control: setup



NV ensemble spin properties



Optomechanical spin control: phonon driving

Shandilya, Lake et al. Nature Physics 2021



Demonstration of optomechanical spin driving

Shandilya, Lake et al. Nature Physics 2021



Future direction: enhancing efficiency by 1010

Optomechanical crystals: boost cooperativity by orders of magnitude

Elham Zohari, Joe Losby



Future direction: enhancing efficiency by 1010

Optomechanical crystals: boost cooperativity by orders of magnitude

Elham Zohari, Waleed El Sayeed



Diamond photonics: new opportunities

Routinely drop > 100 mW power into cavities with Q ~ 105

Opens doors to nonlinear phenomena…

Second (!) and third harmonic generation

Many phonon processes

…and to quantum sensing 

Torque magnetometry

NV magnetometry with IR light
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PDFs + PhDs: join us! 



Single crystal diamond nanobeams

5µm100µm



Diamond waveguide optomechanics

Q > 700,000

Readout sensitivity ~ fm/Hz0.5



Reaching C ~ 3 with optimized devices

M. Mitchell, D. Lake, P.E. Barclay, APL Photonics 4, 016101 (2019)

Improved Q + thermal 
properties



Hard mask optimization



Hard mask optimization



Diamond etch optimization



Probing surface roughness



Probing surface roughness



Diamond microdisk cavities: optomechanics

Measure GHz vibrations with fm/Hz1/2  sensitivity

Room-T Q*f > 1013 (ambient conditions)

Operating in resolved sideband regime

Microsecond (ms) phonon lifetime

Transduced thermal (kT) motion:

Phonons
2.1 GHz

Photons
200 THz

Mitchell et al. Optica (2016)



Optomechanics for information processing

Storing + manipulating light



Optomechanical pulse storage

Transfer signal 
from optical to 

mechanical 
domain

Store in 
mechanical 
oscillation

Readout 
optically

Also see: work from Hailin Wang (Oregon), Sussman (NRC Ottawa)

Lake, Mitchell, Sukachev, Barclay, Nature 
Communications (2021)



Optomechanical spin control

Shandilya, Lake et al. arXiv:2102.04597



Future directions

Currently: spin-phonon coupling is weak (~ 1 Hz)

Shift to SiV or other spins to realize a quantum interface (see Loncar)
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Etch conditions: anisotropic etch




